Abstract. The influence of climate variation on the availability of water resources was analyzed in 15 the headwaters of the Tagus River basin using two drought indices, the standardized precipitation 16 index (SPI) and the standardized precipitation evapotranspiration index (SPEI). This basin is highly 17 regulated and strategic, and contains two hyperannual reservoirs that are the origin of the water 18 supply system for Mediterranean areas of southeast Spain. The indices confirmed that drought 19 conditions have prevailed in the headwaters of the Tagus River since the 1970s. The responses in 20 river discharge and reservoir storage were slightly higher when based on the SPEI rather than the 21 SPI, which indicates that although precipitation had a major role in explaining temporal variability 22 in the analyzed parameters, the influence of temperature was not negligible. Moreover, the greatest 23 response in hydrological variables was evident over longer timescales of the climatic drought 24 indices. Although the effect of climate variability on water resources was substantial during the 25 analyzed period, we also showed a major change in hydrological-climatic relationships in regulated 26 systems including reservoir storage and outflow. These were closely related to changes in external 27 demand following commencement of the water transfer system to the Júcar and Segura basins after 28 the 1980s. The marked reduction in water availability in the basin, which is related to more frequent 29 droughts, contrasts with the amount of water transferred, which shows a clear upward trend 30 associated with increasing water demand in the Mediterranean basin. 31 32 33
and López-Moreno, 2005). The weight of each series was determined from the surface area 164
represented by each station, calculated using Thiessen polygons (Jones and Hulme, 1996 inflows to the interconnected Entrepeñas and Buendía reservoir system; 173 iii) the total storage registered in both reservoirs; and 174 iv) the net outflows to the Tagus River below the Bolarque and Zorita reservoirs, located 175 immediately downstream of the Entrepeñas and Buendía reservoir system. 176
Among the used hydrological parameters, only the river discharges and inflows to the reservoirs 177 system are natural non-human managed resources. Nevertheless, the analysis of the hydrological 178 response to climate can not be restricted to the natural non-human affected systems. In addition to 179 different human interferences, in the Tagus basin climate variability also controls reservoir storages 180 and releases downstream the dams (López- Moreno et al., 2007) . Thus, assessing the connection 181 between climate variability and human inference is of great interest, as most of the water supplied 182 to urban settlements, agriculture and industry depends from highly regulated fluvial stretches. 183 184
Hydrological drought index calculation 185 186
The various approaches to analyzing hydrological droughts are commonly based on discharge 187 thresholds (Tallaksen et al., 1997; Fleig et al., 2006) . This enables the identification of low 188 discharge periods, but does not take into account the seasonality of discharges, which usually leads 189 to naturally low summer flows being classified as low flow periods. This is a particular problem in 190 highly seasonal regimes, including the Mediterranean rivers. We quantified hydrological droughtconditions by relating monthly discharge anomalies to average conditions, following Dracup et al. 192 (1980) . For this purpose we followed the approach commonly used for climatic drought index 193 calculations: namely the corresponding number of standard deviations relative to average values. 194 This approach has been used by Zaidman et al. (2001) , Shukla and Wood (2008) and Moreno et al., (2009), among others. 196
As hydrological records are highly biased and do not commonly follow a normal distribution, it was 197 necessary to standardize the probability distribution of the hydrological records. A comparison was 198 made among several skewed probability distributions, based on an L moment ratio diagram 199 (Greenwood et al., 1979; Hosking, 1990) lognormal distributions, but also showed that the 3-parameters lognormal and the generalized 209 extreme value distributions were also applicable over widely varying hydroclimatic regimes. In the 210 headwaters of the Tagus River, we showed large differences among the variables analyzed. River 211 flows and inflows to the Entrepeñas and Buendía system showed high dispersion but, in general the 212
Pearson III and the lognormal distribution were suitable for modeling the data. High dispersion was 213 also found for the monthly series of outflows as a function of the monthly series. After several 214 attempts we selected the Pearson III distribution to obtain an outflow drought index. The reservoir 215
Generalized Pareto distribution, which was used to calculate a reservoir drought index. The 217 confirmation step, using the Kolmogorov-Smirnov test, allowed selection of the Generalized Pareto 218 distribution for the different monthly series of reservoir storages, and the Pearson III distribution for 219 inflows and outflows. 220
The L-moments procedure was used to obtain the parameters of the Pearson III and Generalized 221
Pareto distributions. The L-coefficients of skewness and kurtosis, τ 3 and τ 4 respectively, were 222 calculated as follows: 223 The PWMs of order s were calculated as: 232
where x i is the data from a given precipitation series and F i is the frequency estimator. F i was 234 calculated following the approach of Hosking (1990) : 235
where i is the range of observations arranged in increasing order, and N is the number of data 237 points. According to the Pearson III distribution, the probability distribution function of x is given 238 by: 239
The probability distribution function of x, according to the Generalized Pareto distribution, is given 241 by 242
The parameters of the Pearson III distribution were obtained following Hosking (1990) 
where 259
where P is the probability of exceeding a determined D value, P =1−F(x). If P > 0.5, P is replaced 261 by 1−P, the sign of the resultant z-value is reversed. The constants are: considered a diversity of time scales for both drought indices (1−48 months). The justification for 283 using two different drought indices is the fact that the SPI only accounts for precipitation effects, 284 whereas the SPEI accounts for inputs (precipitation) and outputs (evapotranspiration) to the system. 285
Although precipitation is the main variable explaining the frequency, duration and severity of 286 droughts (Chang and Cleopa, 1991; Heim, 2002) , recent studies have shown that the effect of 287 temperature (or evapotranspiration) is significant (Hu and Willson, 2000) , particularly under global 288 warming scenarios (Dubrovsky et al., 2008) . Abramopoulos et al. (1988) showed that evaporation 289 and transpiration can consume up to 80% of rainfall, and found that the efficiency of drying due to 290 temperature anomalies is as high as that due to rainfall shortage. Syed et al. (2008) showed that 291 precipitation dominates terrestrial water storage variation in the tropics, but evapotranspiration 292 explains the variability at middle latitudes. In addition, studies have shown that anomalous high 293 temperatures related to warming processes have in recent years exacerbated the impact of climatic 294 droughts on water resources (Nicholls, 2004; Cai and Cowan, 2008) . 295
The SPI is calculated by adjusting the precipitation series to a given probability distribution. The SPEI is based on a monthly climatic water balance (precipitation minus potential 303 evapotranspiration), which is adjusted using a 3-parameter log-logistic distribution to take into 304 This occurred at all analyzed timescales; at the timescale of 3 months the average duration of dry 341 periods was 3.8 months according to the SPI, whereas the SPEI indicated an average duration of 4.1 342 months; at the scale of 12 months, the average durations were 10.7 and 13.0 months for the SPI and 343 the SPEI, respectively; at the scale of 24 months the mean duration was 17.4 months for the SPI and 344 17.6 months for the SPEI. The longest average duration of dry periods (21.1 months) was registered 345
by the SPEI at the 48-month scale, whereas the SPI showed a mean maximum duration of 19.6 346 months. The SPEI also identified a greater severity of droughts in the 1990s and 2000s than did the 347 SPI; this was related to the very warm temperatures during those decades. Thus, the evolution of the This analysis showed that the reservoir system markedly changed the river regime, with inflow 372 determined by relatively high frequencies of climate variability, and outflows by large scale 373 frequencies, which were greatly influenced by dam operations. It is noteworthy that for both 374 reservoir storage and outflow, correlation was slightly higher with the SPEI rather than the SPI, 375
indicating that a combined effect of precipitation and evapotranspiration better explained variability 376 of water resources than did precipitation alone. 377 Figure 7 shows the evolution of hydrological and climatic drought indices, with respect to each 378 index and the timescale at which the highest correlation was found. Reservoir storage also showed temporal variation closely related to evolution of the climatic 385 drought index, with variability in climatic droughts explaining most anomalies in water resources in 386 the reservoir system. Positive anomalies in reservoir storage were recorded during the moist period 387 (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) , whereas dominant negative anomalies in storage occurred after this time, coinciding 388 with negative SPEI values. Outflow from the system showed less relationship to the evolution of 389 climatic droughts. This was expected, as river management affects flows downstream of dams, but 390 in the study area after 1985 water transfer to Mediterranean basins also influenced outflow, which 391 caused a sudden drop in the influence of climatic control on releases to the Tagus River downstream 392 of the reservoir system. 393
As expected, the relationship between climatic and hydrological droughts changed markedly on a 394 monthly basis. Figure 8 shows Pearson's R correlations for the z-standardized inflow and the 1-to 395 48-month SPI and SPEI. The patterns for the SPI and SPEI were quite similar. Very high 396 correlations (>0.9) were found between hydrological and climatic droughts from January to March 397 for timescales between 3 and 5 months. In contrast, correlations during summer months were very 398 low at the shortest timescales, whereas inflow was more associated with drought indices at longer 399 timescales. 400 Figure 9 shows monthly correlations between z-standardized reservoir storage and the various 401 timescales for the SPI and the SPEI. As was expected from the hyperannual character of the 402 reservoir system, there were fewer monthly differences in this system than were found for inflow. 403
For most months the SPEI showed better correlations than did the SPI, and the strongest 404 correlations were found for timescales between 25 and 45 months. Outflow also showed stronger 405 correlations with the SPEI than with the SPI, few differences between months ( noticeably, and, after 1990, the correlations were slightly stronger for the SPI than the SPEI. The 416 opposite was observed for outflow, where correlations were higher with the SPEI than the SPI. 417
Nevertheless, the period of significant correlations was very short (between 1975 and 1985) , 418
showing that after the water transfer system was initiated the effect of climate variability in 419 explaining release to the Tagus River practically disappeared. 420 The recent increase in temperature could explain why climatic droughts in the decades of 1990 and 468 2000 were more severe when analyzed by the SPEI rather than the SPI. We also showed that the 469 response to the hydrological drought was slightly higher according to SPEI data than SPI 470 information, which indicates that although precipitation plays a major role in explaining temporal 471 variability in analyzed variables, the influence of temperature is significant and is likely to increase 472 in the future, as has been indicated in numerous studies (Labat et We showed that the response of river discharge in the headwaters of the Tagus River was similar 475 when measured by either drought index. This was because of the greater sensitivity of river 476 discharge to climate variability at short timescales, and highlights the difficulty of isolating of 477 temperature variability and trends from variation in unregulated river discharge. In contrast, a 478 greater difference was found between the SPI and the SPEI when reservoir storage was examined; 479 this responds over longer timescales, and the cumulative role of temperature was evident in the 480 drought indices. In addition, various studies have shown that reservoirs are subject to evaporation 481 processes (Maingi and Marsh, 2002 ; Montasery and Adeloye, 2004). These factors could explain 482 why a combined precipitation and evapotranspiration drought index, such as the SPEI, is more 483 appropriate for analysis of the response of reservoir storage than an index, such as the SPI, that 484 considers precipitation alone. Moreover, water demand for crops is highly dependent on 485 temperature, and warmer conditions may enhance water consumption in the Mediterranean and 486 irrigation areas of the basin. As outflow is highly dependent on storage in the reservoir system, the 487 role of Potential Evapotranpiration is also propagated downstream, and, thus, stronger correlations 488 are found with the SPEI than the SPI. The drought indices for the analyzed reservoir storage were not affected by short timescales, but a 499 strong response over longer timescales (3-4 years) was found. This is explained by the relatively 500 large inertia of inflow, in addition to the hyperannual character of the managed system. 501
There were no marked monthly differences in responses of drought indices to different timescales 502 for reservoir storage and outflow, because of the low response found at the shortest timescales. 503
Nevertheless, the indices showed large monthly differences in response to inflow to the system, 504 which were closely related to the climatic-lithological characteristics of the region. Precipitation in 505 the headwaters of the Tagus River is heavily influenced by southwestern flows associated with 506 negative phases of the North Atlantic Oscillation (López-Moreno et al., 2007), which is a major 507 influence in winter. This explains the strong correlation found between river discharge and the 2-to 508 5-month SPI and SPEI between December and March, as surface flow is dominant in these months. 509
Further, the main recharge of aquifers occurs during winter, which explains the annual or bi-annual 510 recharge seen and the greater influence of variability in summer flow on the SPI and the SPEI at the 511 longest timescales. The baseline aquifer levels are affected mainly in summer, and show slow 512 temporal inertia and a strong relationship to precipitation accumulated over long periods (Peters et 513 al., 1995) ; the drought index responses are also over longer timescales (Khan et al., 2008) . Nevertheless, the main changes in climatic-hydrological relationships occurred in the regulated 527 systems of reservoir storage and outflow. These were closely related to changes in external demand 528 with commencement of the water transfer system to the Júcar and Segura basins after the 1980s. 529
Although reservoir storage was closely related to low-frequency climate variability in recent 530 decades, the outflow to the Tagus River downstream of the reservoir system was not controlled by 531 climate after the water transfer system commenced. This situation leads to enormous uncertainty as 532 to the future availability of water resources. On the one hand, demand for water from the transfer 533 system has increased markedly in recent years, dramatically reducing water release to the Tagus 534
River. On the other hand, the increased frequency and severity of climatic droughts in the last 535 decades has reduced water reserves stored in the reservoirs. Despite the marked reduction of water 536 availability in the basin, there has been no reduction in the amount of water transferred; rather, there 537 has been a clear trend of increasing water demand in the Mediterranean basin. Therefore, despite 538 the onset of a period characterized by reduced availability of water resources because of morefrequent and severe droughts, water managers have given priority to water transfer for human use 540 over maintenance of natural flow to the Tagus River, which has dramatically declined. This 541 management practice has relied on the hyperannual character of the Entrepeñas-Buendía reservoir 542 system, which reduces the effect of short-term drought. However, under the severe and sustained 543 droughts recorded since the 1990s the reservoir system has not been able to maintain this 544 management strategy. This was evident in 2005 and 2006, when sustained drought conditions 545 resulted in the reservoir being unable to satisfy demand, and the managers were obligated to reduce 546 flow to both the Tagus River and the water transfer system for the Mediterranean basin; this 547 resulted in conflicts and political ramifications at the national level. Given the context of global 548 climate change, characterized by predictions of greater severity and frequency of droughts in 549 southern Europe (Blenkinsop and Fowler, 2007), and continuing revegetation processes, water 550 availability in the basin is expected to decline. Thus, it will be increasingly difficult or impossible to 551 satisfy external water demand using the current management strategy, and it is likely that new 552 approaches will be needed. 
